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A B S T R A C T
Fine roots (diameter≤ 2 mm) contribute significantly to the forest carbon cycle and are essential for resource
acquisition from the soil. We conducted a study to assess the relationships between tree and ground vegetation
fine root biomass and tree species diversity (monocultures compared to 2–5 species mixtures), conifer proportion
and other site factors (stand basal area, soil carbon stocks and C:N ratio) in the six major European forest types,
boreal forest in Finland, temperate forests in Poland, Germany and Romania, thermophilous deciduous forests in
Italy, and Mediterranean forests in Spain. We sampled the fine roots of trees and ground vegetation to the depth
of 20 cm in the mineral soil and allocated the fine root biomass to individual tree species using near-infrared
reflectance spectroscopy (NIRS). We did not find any general positive effects of tree species diversity on the fine
root biomass of trees or ground vegetation across the forest types and tree species combinations. However, our
results suggest that tree fine root biomass increases with tree species diversity in pure broadleaf forests, but not
in pure conifer forests. Species diversity explained 7% of the variation in tree fine root biomass in the broadleaf
stands. The narrow tree species diversity gradient (1–2 species) in the conifer forests compared to the broadleaf
forests (1−4) may have decreased the probability of conifer species combinations with below-ground functional
traits conducive to over-yielding. Some evidence of diversity-mediated changes in the vertical rooting patterns of
broadleaf trees and ground vegetation were found within the entire organic and 0–20 cm mineral soil layer
although the weighted mean depth of fine root biomass was not affected. Negative diversity effects were found in
the organic layer and positive diversity effects in the 0–10 cm mineral soil layer for broadleaf tree fine root
biomass. Diversity effects were negative for ground vegetation fine root biomass in the 0–10 cm mineral soil
layer. There was a general positive effect of conifer proportion on total fine root biomass in the organic layer, but
not in the mineral soil layers. In general conifer proportion and site factors explained more of the variation in
tree fine root biomass than tree species diversity. More research covering the annual variation in fine root
biomass and deeper soil layers is needed before recommending managing species-rich forest for increasing
below-ground biomass and carbon pools.
1. Introduction
Forest ecosystems are important in the global carbon (C) cycle and
for maintaining terrestrial biodiversity. They account for 80% of all
above-ground organic C and 40% of all soil organic C (Dixon et al.,
1994). Fine roots are major contributors of C input to soil (Jackson
et al., 1997; Clemmensen et al. (2013). Recently, Dawud et al. (2017)
reported higher soil C stocks in more species-diverse forest stands,
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which emphasized the need to understand whether increasing tree
species diversity contributes to soil C sequestration through below-
ground biomass and production (Thoms et al., 2010; Vesterdal et al.,
2013; Sun et al., 2017).
Species diversity may increase ecosystem productivity (over-
yielding) by complementarity and/or selection effects (Loreau and
Hector, 2001). Complementarity occurs when the combination of dif-
ferent species allows niche partitioning above- and/or below-ground
and accordingly a more efficient use of light and/or soil resources or
when the interactions between species are positive (i.e. facilitation)
(Loreau et al., 2001; Hooper et al., 2005). In the case of fine roots niche
partitioning of species can result from combining tree species with
different resource-absorption efficiencies (Liu et al., 2015), different
vertical rooting patterns (Büttner and Leuschner, 1994; Hendricks and
Bianchi, 1995, Bolte and Villanueva, 2006), ability to grow roots deeper
in soil (Brassard et al., 2013; Dawud et al., 2016) or increased filling of
soil space by fine roots (Bolte and Villanueva, 2006; Brassard et al.,
2011, Brassard et al., 2013; Sun et al., 2017), and thereby increasing
the use of soil resources in mixtures. An increase in species number may
also enhance the probability of selecting species with high overall
biomass production (selection effect) (Loreau et al., 2001; Tobner et al.,
2016). These species identity effects can increase fine root productivity
even more than tree species diversity effects (Lei et al., 2012a; Jacob
et al., 2013; Domisch et al., 2015; Lübbe et al., 2015). In the study of
Domisch et al. (2015) in young European forest plantations conifer fine
root biomass and production were higher than those of broadleaf spe-
cies. That could be related to the lower soil nutrient availability in
conifer stands indicated by lower soil C:N ratio (Cools et al., 2014;
Dawud et al., 2017), and thus to the need to allocate more biomass in
fine roots in nutrient poor conditions (Finér et al., 2007; Helmisaari
et al., 2007). In addition to diversity and identity effects other stand
characteristics, soil properties and climatic conditions affect fine root
productivity and these relationships have been studied in European
forests (Finér et al., 2007; Helmisaari et al., 2007; Lehtonen et al.,
2016) and other geographic areas (Finér et al., 2011; Wu et al., 2015).
Fine root biomass has been shown to increase with stand basal area, age
and soil C:N ratio in European forests (Finér et al., 2007; Helmisaari
et al., 2007; Lehtonen et al., 2016), but the relationship between fine
root biomass and mean annual temperature and precipitation has not
been significant (Finér et al., 2007). The relative importance or inter-
actions of stand characteristics, soil properties and climatic conditions
have rarely been addressed in relation to tree species diversity or
identity.
The number of studies on the relationships between tree species
richness or diversity and fine root biomass or fine root biomass pro-
duction are still limited and the results are inconsistent. Reported re-
lationships were positive (Schmid, 2002; Meinen et al., 2009a; Brassard
et al., 2011, Brassard et al., 2013; Laclau et al., 2013; Bu et al., 2017;
Ma and Chen, 2017; Sun et al., 2017), insignificant (Hendricks and
Bianchi, 1995; Schmid and Kazda, 2002; Bauhus et al., 2000; Meinen
et al., 2009b, Meinen et al., 2009c; Jacob et al., 2010, Jacob et al.,
2013; Brassard et al., 2013; Lei et al., 2012b; Domisch et al., 2015; Ma
and Chen, 2017) or negative (Bolte and Villanueva, 2006). The more
numerous studies between tree species diversity and above-ground
biomass and biomass production of trees show more consistent positive
diversity effects (Zhang et al., 2012; Gamfeldt et al., 2013; Vilà et al.,
2013; Ratcliffe et al., 2015; Toïgo et al., 2015; Wu et al., 2015; Jucker
et al., 2016; Liang et al., 2016; Pretsch and Schütze, 2016), suggesting
that tree species diversity effects on above-ground biomass or pro-
ductivity are not necessarily mirrored by tree fine root productivity
(Bauhus et al., 2000; Chen and Klinka, 2003; Brassard et al., 2011; Lei
et al., 2012a). There are no comprehensive studies explaining the in-
consistent responses of fine root biomass or productivity to tree species
diversity. The varying above-ground biomass and productivity re-
sponses have been related to different climatic conditions and site
productivity (Paquette and Messier, 2011; Jucker et al., 2014a, Jucker
et al., 2016; Potter and Woodall, 2014; Ratcliffe et al., 2015; Toïgo
et al., 2015; Wu et al., 2015), suggesting that responses are positive
under cold or dry climatic conditions and at low site productivity. Thus,
systematic studies covering a wide range of mature forest ecosystems
and tree species and their combinations are still needed to understand
below-ground productivity responses to tree species diversity, identity,
stand characteristics and soil properties.
We conducted this study to assess the relationships between tree
species diversity, conifer proportion, stand basal area and soil proper-
ties on tree and ground vegetation fine root biomass in the six major
European forest types (boreal forest in Finland, temperate forests in
Poland, Germany and Romania, thermophilous deciduous forests in
Italy, and Mediterranean forests in Spain). For this we used the ex-
ploratory sites of the FunDivEUROPE project (Baeten et al., 2013),
which allowed us to generalize the results over the major forest types in
Europe and cover a range of natural species mixtures and monocultures
in varying climatic and soil conditions. We tested the following hy-
potheses: (1) tree and ground vegetation fine root biomass in European
forests increases by tree species diversity, (2) this response to tree
species diversity is stronger under cold and dry environmental condi-
tions than under more favourable conditions, (3) tree fine roots grow
deeper in soil by increasing tree species diversity, and (4) tree fine root
biomass increases by conifer proportion, stand basal area and soil C:N
ratio more than by tree species diversity.
2. Materials and methods
2.1. Experimental sites
This study was carried out at the six FunDivEUROPE field sites
(http://www.fundiveurope.eu/) established in the main European
forest types for assessing the effect of tree species diversity (Table 1) on
ecosystem functioning (Baeten et al., 2013). On each site 28–43 plots
were established using predefined criteria on evenness, admixture, age
distribution, tree density and site factors such as topography, soil type,
previous land-use and management to minimize the effects of con-
founding factors on the results. Mature forest stands were growing on
all plots of the sites ranging in species richness from one to five tree
species depending on the local species pool (Table 2). The forest stands
Table 1
Characteristics of the study sites (MAT =mean annual temperature; MAP = mean an-
nual precipitation).
Site Latitude,/
longitude
MAT, oC MAP, mm Altitude, m Study area size
(km × km)
Finland 62.6; 29.9 2.1 700 80–200 150 × 150
Poland 52.7; 23.9 6.9 627 135–185 30 × 40
Germany 51.1; 10.5 6.8 775 500–600 15 × 10
Romania 47.3; 26.0 6.8 800 600–1000 5 × 5
Italy 43.2; 11.2 13.0 850 260–525 50 × 50
Spain 40.7; −1.9 10.2 499 960–1400 50 × 50
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were mostly uneven-aged, naturally regenerated except in Finland,
where single species stands were planted and also one of the species in
mixtures. The stand age on the plots was 39–49 years in Finland,
73–193 years in Poland, 65–100 years in Romania and 30–80 years in
Italy. In Germany and Spain stand age was not determined. The plots
comprised a canopy layer, and in addition a ground layer with her-
baceous plants, shrubs and recruits. On the plots all trees with a breast
height diameter (DBH)≥ 7.5 cm were recorded and DBH and height
were measured (Jucker et al., 2014a).
Field sampling for fine root biomass was conducted one time by the
same persons from May to October in 2012 on the 209 plots, sized
30 m× 30 m (Table 3). Each plot was divided into nine 10 m× 10 m
subplots, and one soil sample was taken from each subplot. The organic
layer on the top of the mineral soil was sampled using a wooden frame,
sized 25 cm× 25 cm, and its depth was recorded (Table A1). After
removal of the organic layer the mineral soil was sampled to depth of
20 cm depth using a cylindrical metal corer with an inner diameter of
3.6 cm. The sampling was limited to depth of 20 cm due to the high
stone content in the soil. In Spain the sampling was limited to 10 cm
due to extremely rocky soil. Subsequently, the mineral soil cores were
divided into 10 cm sections, and all respective soil layers from the nine
subplots within one plot were pooled and sent for further analyses to
Joensuu, Finland, where the samples were stored at −18 °C after ar-
rival until further analyses. Concurrently with the root biomass sam-
pling, the mineral soil volumetric stone content was estimated using the
rod penetration method (Viro, 1952; Tamminen and Starr, 1994) (Table
A1). Furthermore, fine roots of the different tree species, as well as a
combined sample of ground vegetation species, were collected from
four to five plots at each site (both monocultures and mixed species
plots) for the near-infrared reflectance spectroscopy (NIRS) calibration
analyses.
2.2. Laboratory analyses
All living fine roots (diameter≤ 2 mm) were separated by hand
from the organic and mineral soil samples. The separation of living and
dead roots was based on root branching patterns, periderm colour,
surface structure, root elasticity and toughness (Persson, 1983). The
roots were washed and divided into two categories: roots of trees and
roots of ground vegetation. The sorting was done by experienced la-
boratory technicians using living tree and ground vegetation sample
roots of the species identified and collected from the sites. The root
samples were washed with water to remove adhering soil, dried at 40 °C
until a constant weight was achieved and weighed for biomass assess-
ment. Subsequently, the fine root biomass samples were ground (IKA
A10; IKA, Staufen, Germany) for NIRS analyses. The soil from the cores
was analysed separately for total C and total nitrogen (N) as described
by Dawud et al. (2016, 2017).
The calibration samples for NIRS analyses were treated like the
other root samples. Calibration mixtures were prepared for single spe-
cies and all combinations of species for each site individually and with
increasing additions of approximately 10% of the respective species.
The roots of individual tree species, as well as the pooled fine roots of
the ground vegetation, were used for the calibration mixtures.
Depending on the number of tree species per site, 10–15-species com-
binations were used for the two-species mixtures (six for Finland where
the species pool was small), 10-species combinations for the three-
species mixtures (four for Finland), five-species combinations for the
four-species mixtures and a one-species combination for the five-species
mixtures. This resulted in 252 samples for the two-species mixtures,
261 samples for the three-species mixtures, 265 samples for the four-
species mixtures and 153 samples for the five-species mixtures.
Altogether, 1030 calibration mixtures and 636 fine root samples were
used.
The NIRS spectra of the root samples, as well as the calibration
mixtures, were analysed with a FTIR Spectrometer (Shimadzu IR
Prestige-21, Kyoto, Japan), equipped with an integrating sphere (NIR
IntegratIR, PIKE Technologies, WI, USA). Each spectrum was recorded
as the average of 64 scans over the range between 3800 and
10,000 cm−1 (i.e. 1000–2600 nm) with a resolution of 80 mm−1. Three
spectra were taken from each sample and averaged before further sta-
tistical analyses.
2.3. Calculation of fine root biomass, diversity indices and net diversity
effects
Fine root biomass was calculated as g m−2. In mineral soil layers
fine root biomass was corrected for stoniness by using the respective
Table 3
The dates of biomass sampling in 2012 and the number of study plots and basic stand characteristics at different tree species richness levels in the six sites.
Site Date (day/
month)
Number of plots at different richness levels Mean basal area, m2 ha−1 (± SEM) Mean stand density, trees ha−1 (± SEM) Mean, min
and max of
conifer%1 2 3 4 5 Total
Finland 10/9–28/9 11 14 3 28 20.9 ± 0.8 890 ± 51 73; 0; 100
Poland 14/5–25/5 6 11 13 11 2 43 37.5 ± 1.3 499 ± 39 40; 0; 98
Germany 20/8–31/8 6 14 14 4 38 35.4 ± 0.9 533 ± 51 10; 0; 93
Romania 10/9–19/9 8 10 8 2 28 28.8 ± 1.9 535 ± 31 46; 0; 100
Italy 8/10–18/10 9 10 9 7 1 36 26.6 ± 1.3 759 ± 53 0
Spain 4/6–14/6 11 18 4 3 36 22.1 ± 2.1 910 ± 95 54; 0; 100
Total 51 77 51 27 2 209
Table 2
The tree species growing at the six sites in monocultures and in mixtures. * indicates the
species not presented in monocultures. In Finland the number of replicates for each
species in monocultures is 3 and 0–2 at the other sites.
Site Species
Finland Picea abies (L.) Karst., Pinus sylvestris L., Betula pendula Roth./B.
pubesecens Ehrh.
Poland Picea abies (L.) Karst., Pinus sylvestris L., Betula pendula Roth*., Quercus
robur L., Carpinus betulus L.
Germany Picea abies (L.) Karst., Quercus spp., Fagus sylvatica L., Acer
pseudoplatanus L.*, Fraxinus excelsior L.
Romania Picea abies (L.) Karst., Abies alba Mill., Fagus sylvatica L., Acer
pseudoplatanus L.
Italy Quercus cerris L., Quercus petraea (Matt.) Liebl., Quercus ilex L.,
Castanea sativa Mill., Ostrya carpinfolia Scop.
Spain Pinus nigra Arnold, Pinus sylvestris L., Quecus ilex L., Quercus faginea
Lam.
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plot-wise volumetric stone content (Table A1) (Viro, 1952; Tamminen
and Starr, 1994). The weighted mean depth of fine root biomass was
calculated for the organic + 0–20 cm mineral soil layer by weighting
the root biomass in each layer by the depth of the layer.
The tree species diversity was characterized by using the Shannon
diversity index (Shannon, 1948), accounting for tree species richness
and evenness (Jost, 2006) based on the proportional basal area con-
tributions of each tree species. The Shannon diversity index was further
converted into number of tree species (true Shannon diversity) to fa-
cilitate the comparisons of diversity values (Jost, 2006).
The species diversity effects on fine root biomass were assessed by
using the true Shannon diversity index as an explaining variable. In
addition, the net diversity effect (NDE) was calculated as the propor-
tional deviation between the fine root biomass in the mixtures and the
biomass expected from the corresponding monocultures, weighted by
the basal area proportion of each tree species in the mixture (Scherer-
Lorenzen et al., 2007). Net diversity effects were calculated separately
for tree and ground vegetation fine root biomasses and for the fine root
biomasses of pure broadleaf and pure conifer stands. The NDE va-
lues = 0 were considered as additive, NDE values> 0 as positive and
those< 0 as negative. The NDE values could not be calculated in cases
where tree species were not present in monocultures, which occurred in
Germany (Acer) and in Poland (Betula).
2.4. Statistical analyses
The data were analysed with linear regression models by using the
statistical package R version 3.3.1 (R Core Team, 2016). The response
variables were the fine root biomasses of trees, ground vegetation, trees
and ground vegetation combined in different soil layers and their
combinations and the weighted mean root depth of trees and ground
vegetation. Responses of different tree species could not be assessed at
tree species level as the tree species composition varied between sites.
Thus the responses were assessed separately for two functional groups,
which were formed by aggregating stands with only broadleaf trees and
only conifer trees, respectively. The continuous explanatory variables
were true Shannon diversity, conifer proportion (% of stand basal area),
stand basal area, soil carbon (C) stock and C:N ratio. Collinearity be-
tween explanatory variables was identified using variance inflation
factors (vif) using the ‘car’ package in R. The variable with the highest
variance inflation factors (generally VIF > 15), in this case N stock,
was removed, rendering the variance inflation factors of the other
variables under the generally still as satisfactory regarded threshold
value of VIF < 5, and in few cases VIF < 10 (Kock and Lynn, 2012).
Site was used as a categorical explanatory variable with six levels,
Finland, Poland, Germany, Romania, Italy and Spain. The data were
log–transformed before analyses when needed to normalize the dis-
tribution of residuals. Non-significant interactions were removed from
the ANOVA (Crawley, 2012). The relative importance of the ex-
planatory variables was assessed using the relaimpo package in R and
the lmg metric (Grömping, 2006) The differences between sites in the
weighted mean depth of fine root biomass was analysed with linear
mixed models using SPSS Statistics Version 22.0 (IBM Corp., NY, USA).
Post-hoc comparisons were made using Bonferroni’s multiple compar-
ison tests. One-sample t-tests were used to assess whether the NDE
values deviated from zero. Results were regarded to be significant at p-
values< 0.05.
Data analyses of the near-infrared spectra were performed by mul-
tivariate partial least squares (PLS) regression using The Unscrambler X
(version 10.1, Camo Software AS, Oslo, Norway). In addition to no
treatment, mathematical pre-treatments during data analyses com-
prised 1/x weighting of the original x-data, the first and second deri-
vatives of Savitzky-Golay smoothing, mean and peak normalisation,
and Multiplicative Scatter Correction (MSC) (Esbensen, 2001; Vávřová
et al., 2008; Rinnan et al., 2009). We used spectra between 1450 nm
and 2500 nm wavelengths as the other parts contained background
noise. Both PLS 1 and PLS 2 models were tested and since the PLS 1
models, pre-treated with MSC, performed better in terms of RMSE and
R2, they were used for estimating the fine root species proportions
within the samples. The models were constructed for each tree species
and for each site individually (Table A2). The analyses included mul-
tivariate calibration and validation with one third of the samples
(Esbensen, 2001), while the other two thirds were used to construct the
models. All analysed samples showed the presence of the respective
target tree species (Table 2), and thus we conclude that our sampling
was representative for the whole respective plot.
3. Results
3.1. Tree species diversity effects on tree, ground vegetation and total fine
root biomass
There was no general effect of tree species diversity on tree, ground
vegetation or total fine root biomass (Fig. 1, Fig. A1, Tables A3–A5). The
net diversity effects were mostly insignificant, except the weak negative
effects on the tree fine root biomass in the organic layer and the ground
vegetation fine root biomass in the 0–10 cm mineral soil layer (Fig. 2).
However there was a significant interaction between conifer proportion
and tree species diversity for the tree and ground vegetation fine root
biomass in the organic + 0–10 cm mineral soil layer and in the 0–10 cm
mineral soil layer, respectively. Due to these significant interactions the
analyses were carried out separately for the pure broadleaf and pure
conifer stands, which revealed a positive relationship between tree species
diversity and the tree fine root biomass in the organic + 0–10 cm soil
layer for the broadleaf stands, but not for the conifer stands (Fig. 3, Table
A6). Species diversity explained 7% of the variation in tree fine root
biomass in the broadleaf stands. The tree fine root biomass in the organic
+ 0–10 cm layer in the most diverse broadleaf stands was on average
twice as high as that of the broadleaf monocultures. The net diversity
effects for tree fine root biomass were negative (NDE < 0) in the organic
layer in the four-species broadleaf mixtures and positive in the 0–10 cm
mineral soil layer for the three-species broadleaf mixtures (Fig. 4). The
separate analyses for ground vegetation fine root biomass in pure broad-
leaf and pure conifer stands did not show any significant diversity effects.
3.2. Relationships between tree stand and soil factors and fine root biomass
The tree fine root biomass in the organic + 0–10 cm soil layer was
highest in Italy, followed by Germany, Poland, Finland, Romania and
Spain (Table 4). The ground vegetation fine root biomass (organic +
0–10 cm layer) was highest in Finland and Spain, and very low
(< 10 g m−2) in the other sites. The ground vegetation fine root bio-
mass was smaller than that of trees in all sites and in all soil layers. The
total fine root biomass in the organic + 0–10 cm layer was highest in
Finland, followed by Italy, Poland, Germany, Spain and Romania, and
in the organic + 0–20 cm layer the total root biomass was highest in
Italy, followed by Finland, Poland, Germany and Romania.
In the organic layer the tree and total fine root biomass was posi-
tively related to conifer proportion and soil C stock and negatively to
soil C:N ratio, and the ground vegetation fine root biomass positively to
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conifer proportion and negatively to C:N ratio (Fig. 5). These variables
explained 12–34% of the variation of the tree, 2–14% of the ground
vegetation and 12–21% of the total fine root biomass in the organic
layer. The highest proportion of the variation in tree and ground ve-
getation fine root biomass in the mineral soil layers and in the organic
+ 0–10 cm mineral soil layers was explained by site, i.e. 19–34% and
11%, respectively. For the total fine root biomass site explained 6% of
the variation in the 0–10 cm mineral soil layer. The differences in fine
root biomass between sites were not correlated with mean annual
temperature, mean annual precipitation, stand basal area or the studied
soil characteristics (Figs. A2 and A3).
Conifer proportion, C stock and C:N ratio explained significant
proportions of the variation in tree fine root biomasses in the organic +
0–20 cm mineral soil layer (2.5, 1.7 and 2.1%, respectively). Tree fine
Fig. 1. Relative importance of site, true Shannon diversity,
stand basal area, conifer proportion (CP), C stock, C:N ratio,
interactions between, site and true Shannon diversity, site
and conifer proportion and true Shannon diversity and
conifer proportion in explaining (a) tree, (b) ground vege-
tation and (c) total fine root biomass in the organic,
0–10 cm and 10–20 cm mineral soil layers and the com-
bined organic + mineral soil layers. The proportion of ex-
plained variance of the models (R2) for these layers were 53,
48, 24, 39, 41%, respectively for tree fine root biomass 34,
54, 71, 39, 42%, respectively for ground vegetation fine root
biomass and 53, 51, 20, 40, 44%, respectively for total fine
root biomass. Significant effects (Tables A1–3) are indicated
by asterisks (*p < 0.05, **p < 0.05, ***p < 0.001).
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root biomass increased with conifer proportion and C stock in the same
way as in the organic layer (Fig. 5). Oppositely to the trends in the
organic layer tree fine root biomass increased with C:N ratio in the
organic + 0–20 cm mineral soil layer (Fig. 5). For the ground vegeta-
tion fine root biomass conifer proportion had a significant interaction
with site in the 10–20 cm soil layer, because the ground vegetation fine
root biomass was negatively related to conifer proportion in that layer
in Finland (Fig. A4). Besides site, basal area, soil C stock and C:N ratio
also explained significant proportions of the variation in the ground
vegetation fine root biomass in the 0–10 cm mineral soil layer, and
basal area and C:N ratio in the 10–20 cm mineral soil layer. In addition
basal area and C stock explained significant proportions of the variation
in ground vegetation fine root biomass in the organic + 0–10 cm mi-
neral soil layer and C:N ratio the highest proportion of all variation of
ground vegetation fine root biomass in the organic + 0–20 cm mineral
soil layer. The relationship between basal area and soil C stock and the
ground vegetation fine root biomass was negative whereas that of C:N
ratio and the ground vegetation fine root biomass was positive. There
was a clear positive trend for higher tree fine root biomass with higher
basal area, but it was not significant.
3.3. Factors affecting vertical distribution of fine root biomass in the studied
soil layers
The weighted mean vertical depth of the tree or ground vegetation
fine root biomass was not affected by tree species diversity in the organic
+ 0–20 cm mineral soil layer (Table A8). However, the weighted mean
depth of fine root biomass differed between sites, and tree root dis-
tribution was more superficial in Finland than in other sites (Table 5).
The weighted mean depth of ground vegetation roots did not differ be-
tween Finland and Poland, but was deeper than in the other sites. Conifer
proportion, C stock and C:N ratio were negatively related to the weighted
mean depth of tree fine root biomass, but not with that of ground ve-
getation (Table A8, Fig. A5). The sampling depth in Spain was only 10
cm in mineral soil, however, the weighted mean depth of tree fine root
biomass did not differ (p > 0.05) between Spain and Finland and that of
ground vegetation did not differ between Spain, Finland and Poland. At
all sites the ground vegetation fine root biomass was more superficially
distributed in the soil than the tree fine root biomass.
4. Discussion
4.1. Diversity effects on fine root biomass
Our results did not confirm the first hypothesis of differences in tree
and ground vegetation fine root biomass in tree species–diverse forests
compared to monocultures across major European forest types and tree
species combinations. Therefore our findings also do not conform to
those of a previous study in boreal North America where fine root bio-
mass responded positively to tree species diversity in mature forests
Fig. 2. Net diversity effects for (a) tree and (b) ground vegetation fine root biomass in the
organic, 0–10 cm and 10–20 cm mineral soil layers and in the combined organic + mi-
neral soil layers in the 2–4 tree species stands compared to monocultures. Error bars are
mean ± SEM. Significant effects are indicated by asterisk (*p < 0.05).
Fig. 3. Relationship between true Shannon diversity and fine root biomass in the organic
+ 0–10 cm mineral soil layer in conifer and broadleaf stands. Linear regression lines are
indicated, equation for broadleaf tree species: y = 103.51 + 7.95x, R2 = 0.109,
p = 0.001 and for conifers y = 78.61 + 28.65x, R2 = 0.002, p = 0.781.
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consisting of mixtures of conifers and broadleaf species (Brassard et al.,
2011), but agree more with studies conducted in young temperate
broadleaf-conifer plantations where tree or ground vegetation fine root
biomass did not differ between monocultures and 2–4 species mixtures
(Lei et al., 2012b, Domisch et al., 2015). Our forest stands were middle-
aged forests, and earlier the positive diversity effect on both on above-
ground (Zhang et al., 2012) and fine root productivity has been proposed
to be more distinct in middle-aged forests than in young forests (Ma and
Chen, 2017). The weak response might indicate that the response of fine
root biomass to species diversity differs from the positive response re-
ported for above-ground biomass on the same sites (Jucker et al., 2016).
Our fine root sampling was carried out only once and we were unable to
do it at the same time of the growing season at all sites, which could
mask some of the diversity effects. Earlier studies demonstrated that
positive fine root biomass responses to species mixing can vary between
seasons (Brassard et al., 2013, Ma and Chen, 2017). They may also be
less pronounced during dry periods as observed in above-ground parts of
trees (Grossiord et al., 2014; Jucker et al., 2014b).
In contrast to a general positive effect of species diversity on fine
root biomass, our results suggest that fine root biomass is higher in
species-diverse broadleaf stands compared to broadleaf monocultures.
In broadleaf stands tree species diversity was responsible for up to 7%
of the variation in tree fine root biomass in the organic + 0–10 cm
mineral soil layer. We did not find any diversity response in conifer
stands. The limited number of tree species and functional traits in the
studied conifer stands (only 2 species) compared to a wider species
diversity gradient in the broadleaf stands (4 species) could be a reason
for the lack of response for conifers. The small number of conifer tree
species may have decreased our probability of having species combi-
nations featuring below-ground functional traits with over-yielding
capacity. The importance of selecting species combinations with con-
trasting functional traits has been demonstrated to drive significant
positive diversity effects in tree communities (Jacob et al., 2010; Zhang
et al., 2012; Lübbe et al., 2015; Tobner et al., 2016).
The NIRS assessments gave rather good results when constructing
the calibration models. Similarly, the regression analyses for estimating
the species-specific proportions in the root samples generally showed
acceptable results. The models were somewhat better for broadleaf tree
species and ground vegetation than for conifers, which were also ob-
served by Lei and Bauhus (2010) and Domisch et al. (2015). However,
the predictions were rather uncertain (high RMSEP values) for some
tree species, particularly for Pinus sylvestris, P. nigra, Carpinus betulus
and Quercus cerris. This could have affected the results presented for the
functional groups, especially those of conifers by masking some of the
differences due to the high variation.
Our second hypothesis, regarding a positive response of fine root
biomass to tree species diversity under harsh environmental conditions
was also rejected. There was a consistent lack of tree species diversity
response among the different forest types, representing a wide range of
climatic conditions from cool boreal forests in Finland to thermophilous
forests in Italy and from dry Mediterranean forests in Spain to humid
forests in Finland. Neither were the diversity effects related to soil C:N
ratio. A study conducted on the same sites concluded that the above-
ground tree productivity responded more positively to tree species di-
versity under more harsh environmental conditions in Finland and
Spain, compared to the other sites with a more favourable climate for
growth (Jucker et al., 2016). We found no clear evidence that this effect
is mirrored in below-ground root biomass.
The tree fine root biomass had the most shallow distribution in
Finland and Spain, which could be attributed to the harsh environ-
mental conditions i.e. cold in Finland and dry in Spain. Tree fine root
biomass was largest in the 0–10 cm mineral soil layer in all sites, except
in Finland, where the tree root biomasses were almost equal in the
organic layer and in the 0–10 cm mineral soil. The Finnish site had a
thick, organic layer with higher N stock than the deeper mineral soil
layers compared to the other sites (Dawud et al., 2017). As the poor
supply of N limits growth in boreal forests (Tamm, 1991), the higher
amount of N and higher temperatures in topsoil layers, which enhance
mobilisation and better supply of N could favour the rather shallow
allocation of fine roots. Although the weighted mean root depth was not
affected by the tree species diversity, some evidence of diversity
mediated changes in the vertical rooting patterns of the broadleaf trees
were found, partly supporting our third hypothesis that tree roots grow
deeper in soil by increasing tree species diversity, and the results of Sun
et al. (2017), who found a significant positive relationship between tree
species richness and the evenness on the vertical distribution of tree
fine-root standing biomass. Negative diversity effects on tree fine root
biomass were observed in the organic layer in the four species mixtures,
Fig. 4. Net diversity effects for fine root biomass in the organic, 0–10 cm and 10–20 cm
mineral soil layers in the 2–4 tree species (a) conifer and (b) broadleaf stands compared to
monocultures. Error bars are mean ± SEM. Significant effects are indicated by asterisks
(*p < 0.05).
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as well as on ground vegetation fine root biomass in the 0–10 cm mi-
neral soil layer in the three species mixtures. In contrast positive di-
versity effects were observed on broadleaf tree fine root biomass in the
0–10 cm mineral soil layer in the three species mixtures. These results
could indicate increased competition between trees and ground vege-
tation in top mineral soil layers and also niche differentiation, inducing
tree roots to exploit deeper soil layers in tree-species rich forests com-
pared to monocultures and therefore gaining access to larger water and
nutrient resources (Rothe and Binkley, 2001; Zapater et al., 2011). An
increase in tree species diversity could also have caused changes in the
species composition of the ground vegetation, favouring more shallow
rooted species in the diverse forests or an allocation of relatively more
biomass to the shoots on the expense of roots to increase competitive-
ness for light (Zhang et al., 2014). However no obvious difference in
understorey vegetation composition was found among the tree species
richness levels in the studied sites (Ampoorter et al., 2016). Our sam-
pling depth was shallow (10 or 20 cm layers in mineral soil) caused by
high stoniness at most of the sites, which could prevent us from dis-
covering any stronger evidence for niche differentiation. However,
significant signs of this were found in another study of the plots in
Poland, where more fine root biomass and higher C stocks were found
in the 30–40 cm mineral soil layer under mixed forests compared to
monocultures (Dawud et al., 2016).
In this study we assessed only the responses of fine root biomass to
species diversity. Other root related traits – such as nutrient uptake
capacity (Göransson et al., 2008), root diameter classes, different root-
orders or morphological traits (fine root length, root surface area,
specific root length, the number of root tips) – could have shown re-
sponses to species diversity as well, because they were reported to ex-
plain the resource exploitation of trees better than root biomass (e.g.
Ostonen et al., 2007; McCormack et al., 2015). Bolte and Villanueva
(2006) suggested that root morphological parameters respond more
clearly to stand structure than root biomass, but this was not supported
by other studies assessing these relationships at ecosystem level in
temperate or boreal forests (Meinen et al., 2009b; Lei et al., 2012a;
Domisch et al., 2015).
4.2. Other factors affecting fine root biomass
The abundance of conifers increased tree and ground vegetation fine
root biomass, especially in the organic layer. That was related to the
increase in the thickness of the organic layer with conifer proportion
(data not shown), as also suggested by the higher C and N stocks in the
organic layer compared to the mineral soil, providing space for roots to
exploit and take up nutrients (Dawud et al., 2017). In contrast, the
conifer fine root biomass could also contribute to the organic layer C
stocks by its input of slowly decomposing root litter (Augusto et al.,
2015). Since the conifer proportion explained a significant proportion
of the variation in tree and ground vegetation fine root biomass in the
organic layer and in the organic + 0–20 cm mineral soil layers, it gave
Table 4
Tree, ground vegetation and total fine root biomass (g m−2) in the different soil layers and their combinations in the six sites.
Site Soil layer Trees Ground vegetation Total n
Mean ± SEM Mean ± SEM Mean ± SEM
Finland Organic layer 63.2 11.3 20.8 3.0 84.0 10.9 27
0–10 cm 80.5 7.5 32.7 4.8 113.2 8.7 28
10–20 cm 41.9 3.6 12.1 1.6 54.0 4.1 28
Organic + 0–10 cm 141.4 15.8 52.8 6.9 194.2 16.2 28
Organic + 0–20 cm 183.4 16.6 64.9 8.1 248.2 17.8 28
Poland Organic layer 9.6 2.4 4.6 0.6 14.24 2.8 43
0–10 cm 145.7 7.0 5.1 1.0 150.8 7.3 43
10–20 cm 67.4 3.2 0.6 0.2 68.1 3.2 43
Organic + 0–10 cm 155.3 7.2 9.7 1.1 165.0 16.2 43
Organic + 0–20 cm 222.8 8.9 10.3 1.2 233.1 9.30 43
Germany Organic layer 14.6 10.1 0.7 0.3 15.3 10.3 38
0–10 cm 142.0 10.8 2.6 1.4 144.6 10.9 38
10–20 cm 58.3 5.1 0 0 58.3 5.1 37
Organic + 0–10 cm 156.5 13.8 3.3 1.4 159.8 13.9 38
Organic + 0–20 cm 213.3 16.5 3.3 1.4 216.6 16.6 38
Romania Organic layer 22.0 3.8 3.4 0.7 25.4 4.5 28
0–10 cm 93.6 10.5 1.1 0.8 94.7 10.3 28
10–20 cm 47.7 4.3 0 0 47.7 4.3 26
Organic + 0–10 cm 115.6 12.2 4.5 1.0 120.1 12.0 28
Organic + 0–20 cm 159.9 15.4 4.5 1.0 164.4 15.1 28
Italy Organic layer 2.8 0.8 0.0 0.0 2.8 0.8 36
0–10 cm 184.6 12.7 0 0 184.6 12.7 36
10–20 cm 96.6 6.5 0 0 96.6 6.5 33
Organic + 0–10 cm 187.4 12.7 0.0 1.1 187.4 12.7 36
Organic + 0–20 cm 276.0 17.8 0.0 0.0 276.0 17.8 36
Spain Organic layer 6.9 3.4 1.5 0.4 8.3 3.5 36
0–10 cm 97.7 9.3 19.4 3.8 117.1 11.8 36
Organic + 0–10 cm 104.6 10.1 20.9 3.9 125.5 12.5 36
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Fig. 5. Relationship between conifer proportion (a) in the organic and (b) in the organic + 0–20 cm mineral soil layers, C stock (c) in the organic and (d) in the organic + 0–20 cm
mineral soil layers, and C:N ratio (e) in the organic and (f) in the organic + 0–20 cm mineral soil layers, and tree, ground vegetation and total fine root biomass. Linear regression lines are
indicated. The equations with R2 and p –values are presented in Table A7.
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support to our fourth hypothesis.
Site was the main factor explaining variation in the fine root bio-
mass of trees and ground vegetation in the mineral soil layers and in the
organic + 0–10 cm mineral soil layer. The sites of this study represent
some major European forest types located along the climatic gradient
from the boreal to temperate and Mediterranean forests. However, the
differences in fine root biomass were not related to the climatic gra-
dient in mean annual temperature nor mean annual precipitation as
they did not either in the monocultures of European tree species in a
wide climatic gradient (Finér et al., 2007). It remained unclear what
caused the differences in fine root biomass between the studied Eur-
opean forests sites because the differences were not related to the stand
basal area or to soil factors, which have explained between site varia-
tion for some European tree species in earlier studies (Finér et al., 2007;
Helmisaari et al., 2007; Lehtonen et al., 2016). Generally our fine root
biomass estimates were at the lower end of the range earlier reported
for boreal and temperate forests (Finér et al., 2007, Finér et al., 2011),
which is most likely due to our limited sampling depth caused by high
stoniness. The average root sampling depths in the dataset of 84 sites in
boreal and 221 sites in temperate forests reviewed by Finér et al. (2011)
were 34 cm in boreal and 47 cm in temperate forests, covering 86% of
the total fine root biomass in boreal and 68–85% in the temperate
forests calculated with the general equations presented by Jackson et al.
(1996). According to the same equations our sampling depths covered
69% of the total fine root biomass in Finland, 22–29% in Spain, 62–78%
in Poland and 38–50% at the other sites. Our sampling most probably
covered higher proportions of fine root biomass because at our sites the
subsoil had a high stone content, which was not taken into account in
the general equations by Jackson et al. (1996).
There was a clear positive trend for more tree fine root biomass with
higher basal area, but it was not significant. Oppositely stand basal area
had a significant negative effect on the ground vegetation fine root
biomass. A review study by Finér et al. (2011) covering a wide geo-
graphic area concluded that tree fine root biomass clearly increased
with stand basal area. However, the variation in stand basal area in the
reviewed stands was larger than in this study where only middle-aged
forest stands were included, which could explain the weaker relation-
ship. The negative response of the ground vegetation fine root biomass
to stand basal area could be related to the associated increase in com-
petition between ground vegetation and tree roots and to shading by
the tree canopy. The significant positive relationships between soil C
stock and the tree and total fine root biomass in the organic layer
supported our fourth hypothesis and could indicate that tree roots
contribute significantly to soil C stocks as demonstrated by Clemmensen
et al. (2013). The significant positive relationship between tree fine root
biomass in the organic + 0–20 cm mineral soil layer and soil C:N ratio
also supported our fourth hypothesis, whereas the negative relationship
in the organic layer could suggest that fine root biomass is related to the
mineralization of N from soil organic matter.
5. Conclusions
The results of this study indicate that fine root biomass does not
consistently increase in response to tree species diversity in the major
European forest types, and other site factors can explain more of the
variation in fine root biomass than tree species diversity. However, they
suggest that the diversity responses depend on the tree species func-
tional group and can be observed when species with various functional
traits are combined, which is more often the case in European broadleaf
forests than in species-poor conifer forests. There seems to be some
evidence that in the species-rich broadleaf forests the access to soil
resources might be facilitated by the allocation of more fine roots to the
mineral soil than in the monocultures. More research covering the an-
nual variation in fine root biomass and deeper soil layers is needed
before growing species-rich forest can be recommended for increasing
below-ground biomass and carbon pools.
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Appendix A
See Figs. A1–A5 and Tables A3–A8.
Table 5
Weighted mean (± SEM) depth of root biomass (cm) of the trees and ground vegetation
in the organic + 0–20 cm mineral soil layers in the six sites. Different upper case letters
indicate statistically significant differences between sites and the lower case letters be-
tween trees and ground vegetation. The values in brackets are calculated for the organic
+ 0–10 cm mineral soil layer in Spain.
Site Trees Ground vegetation
Finland 6.78 ± 0.26Aa 5.81 ± 0.24Ab
Poland 9.74 ± 0.89Ba 4.17 ± 2.55Ab
Germany 8.80 ± 0.23Ba 0.93 ± 0.31Bb
Romania 9.00 ± 0.34Ba 1.23 ± 0.21Cb
Italy 9.28 ± 0.21Ba 0.01 ± 0.01 Db
Spain (5.91 ± 0.22) (5.13 ± 0.30)
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Fig. A1. Mean (± SEM) fine root biomass of trees and ground vegetation in different soil layers in monocultures and in two- to five- tree species mixtures in the six sites. The numbers
indicate the different tree species richness levels.
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Fig. A2. Relationships between mean tree and ground vegetation fine root biomass in different sites (± SEM) and mean annual temperature, annual precipitation and stand basal area.
Regression lines with 95% confidence intervals and R2 and p -values are indicated.
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Fig. A3. Relationships between mean tree and ground vegetation fine root biomass in different sites (± SEM) and soil C stock, N stock and C:N ratio. Regression lines with 95%
confidence intervals and R2 and p -values are indicated.
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Fig. A4. Relationship between conifer proportion and ground vegetation fine root bio-
mass in the 10–20 cm mineral soil in Finland, Poland, Germany and Romania. Linear
regression lines are indicated, equation for Finland: y = 16.44–0.06x, R2 = 0.061,
p = 0.207 and for Poland: y = 0.544 + 0.002x, R2 = 0.002, p = 0.776. For Germany
and Romania the relationship was constant due to zero data.
Fig. A5. Relationship between (a) conifer proportion, (b) C stock and (c) C:N ratio and the
weighted mean depth of tree and ground vegetation fine root biomass. Linear regression
lines are indicated. Equations in Fig. A3a for trees: y = 9.33–0.015x, R2 = 0.112,
p < 0.001 and for ground vegetation: y = 3.19 + 0.01x, R2 = 0.021, p = 0.124. Equa-
tions in Fig. A3b for trees: y = 10.96–0.047x, R2 = 0.107, p < 0.001 and for ground
vegetation: y = 5.08 + 0.032x, R2 = 0.021, p = 0.123. Equations in Fig. 3Ac for trees:
y = 10.95–0.092x, R2 = 0.040, p = 0.008 and for ground vegetation: y = 1.14 + 0.21x,
R2 = 0.080, p = 0.002.
L. Finér et al. Forest Ecology and Management 406 (2017) 330–350
343
Table A1
Mean depth of the organic layer and volumetric mineral soil stone content on the plots of different tree species richness levels in the six sites, and the results of mixed model.
Mean depth of organic layer by richness level, mm (±SEM) Mean stoniness of soil by richness level, % of soil volume (± SEM)
Site 1 2 3 4 5 Mean 1 2 3 4 5 Mean
Finland 18 ± 5 19 ± 2 21 ± 6 19 ± 2 31 ± 6 29 ± 4 33 ± 3 30 ± 3
Poland 26 ± 4 19 ± 2 17 ± 1 18 ± 1 20 ± 2 19 ± 1 7 ± 4 5 ± 2 8 ± 3 3 ± 1 4 ± 4 6 ± 1
Germany 15 ± 4 12 ± 2 15 ± 2 10 ± 3 14 ± 1 21 ± 4 23 ± 4 25 ± 5 27 ± 9 24 ± 2
Romania 21 ± 3 20 ± 3 23 ± 2 24 ± 7 21 ± 2 27 ± 5 29 ± 4 42 ± 8 34 ± 22 32 ± 3
Italy 10 ± 2 11 ± 2 14 ± 1 13 ± 2 17 12 ± 1 30 ± 4 28 ± 5 29 ± 4 40 ± 6 62 32 ± 3
Spain 19 ± 6 11 ± 2 12 ± 3 14 ± 2 14 ± 2 54 ± 5 57 ± 4 63 ± 9 36 ± 5 55 ± 3
Table A2
Results from partial PLS regression analyses for estimating the species-specific proportions in the root samples (individual tree species and ground vegetation species) of the six sites. The
parameters of the chosen models after Multiplicative Scatter Correction (MSC) are depicted: PC = number of principal components, RMSEC = residual mean square error of calibration,
RMSEP = residual mean square error of prediction, and their respective R2 values.
Site Tree species PC RMSEC R2 RMSEP R2
Finland Betula sp. 5 4.66 0.98 3.66 0.98
Pinus sylvestris 5 6.09 0.96 6.53 0.95
Picea abies 6 5.26 0.97 5.83 0.96
Ground veg. 5 4.87 0.95 5.34 0.94
Poland B. pendula. 9 6.47 0.91 8.18 0.86
P. sylvestris 13 5.58 0.94 11.62 0.72
P. abies 10 4.43 0.95 5.88 0.92
Quercus robur 10 4.38 0.97 6.43 0.91
Carpinus betulus 10 9.88 0.82 14.2 0.59
Ground vegetation 8 5.00 0.88 5.02 0.92
Germany Fagus sylvatica 11 3.97 0.97 7.79 0.87
Fraxinus 11 3.54 0.97 6.66 0.91
P. abies 10 4.43 0.97 7.09 0.89
Q. spp. 8 3.36 0.98 4.07 0.97
Acer pseudoplatanus 11 4.35 0.96 7.89 0.87
Ground vegetation. 9 3.93 0.92 5.39 0.91
Romania Abies alba 7 5.51 0.94 5.29 0.90
A. pseudoplatanus 6 7.45 0.89 7.22 0.89
P. abies 7 8.71 0.84 8.42 0.86
F. sylvatica 7 7.39 0.88 7.73 0.88
Ground veg. 5 4.59 0.96 5.29 0.95
Italy Q. cerris 11 6.46 0.92 10.09 0.80
Q. ilex 7 8.26 0.86 8.78 0.84
Q. petraea 9 6.76 0.91 9.04 0.84
Ostrya carpinifolia 6 6.45 0.92 6.51 0.91
Castanea sativa 7 5.47 0.94 6.58 0.91
Ground vegetation 9 4.45 0.94 6.33 0.88
Spain P. sylvestris 10 9.04 0.84 13.81 0.62
P. nigra 12 6.67 0.90 13.72 0.63
Q. ilex 5 4.90 0.95 4.26 0.94
Q. faginea 8 4.14 0.96 5.87 0.92
Ground vegetaton 7 5.41 0.94 6.23 0.94
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Table A3
Results of the ANOVA tests of the multiple regression models for the effects of tree species diversity (true Shannon), conifer proportion (CP), stand basal
area, C:N ratio and C stock on tree fine root biomass (a) in the organic layer, (b) in the mineral 0–10 cm soil layer, (c) in the 10–20 cm mineral soil layer and
(d) in the organic + 0–10 cm mineral soil layer and (e) organic +10–20 cm mineral soil layer. Non-significant interactions were removed.
(a) Variables in organic layer Df Sum of squares F-value p-value
Site 1 4.05 2.67 0.104
true Shannon 1 5.07 3.34 0.069
CP 1 126.78 83.61 <0.001
Basal area 1 0.17 0.11 0.736
C:N ratio 1 87.63 57.78 <0.001
C stock 1 38.24 25.21 <0.001
Residuals 165 250.21
(b) Variables in 0–10 cm layer Df Sum of squares F-value p-value
Site 1 10.73 31.50 <0.001
true Shannon 1 0.16 0.46 0.497
CP 1 0.0 0.0 0.998
Basal area 1 0.41 1.19 0.276
C:N ratio 1 0.57 1.67 0.199
C stock 1 0.77 2.26 0.276
Residuals 165 56.52
(c) Variables in 10–20 cm
layer
Df Sum of squares F-value p-value
Site 1 4.57 12.16 <0.001
true Shannon 1 0.38 0.57 0.268
CP 1 0.40 0.01 0.255
Basal area 1 0.08 0.25 0.619
C:N ratio 1 0.14 0.45 0.504
C stock 1 0.28 0.89 0.347
Residuals 125 38.71
(d) Variables in organic +
0–10 cm layer
Df Sum of squares F-value p-value
Site 1 3.91 12.16 <0.001
true Shannon 1 0.18 0.57 0.450
CP 1 0.00 0.01 0.914
Basal area 1 0.20 0.62 0.384
C:N ratio 1 0.03 0.10 0.748
C stock 1 0.05 0.14 0.706
true Shannon * CP 1 1.28 3.99 0.047
Residuals 201 64.55
(e) Variables in organic +
0–20 cm layer
Df Sum of squares F-value p-value
Site 1 0.07 0.88 0.350
true Shannon 1 0.61 2.27 0.134
CP 1 0.78 18.84 <0.001
Basal area 1 0.08 5.51 0.020
C:N ratio 1 1.02 0.47 0.496
C stock 1 0.80 17.16 <0.001
Residuals 164 32.78
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Table A4
Results of the ANOVA tests of the multiple regression models for the effects of tree species diversity (true Shannon), conifer proportion (CP), stand basal
area, C:N ratio and C stock on ground vegetation fine root biomass (a) in the organic layer, (b) in the mineral 0–10 cm soil layer, (c) in the 10–20 cm mineral
soil layer and (d) in the organic + 0–10 cm mineral soil layer and (e) organic +10–20 cm mineral soil layer. Non-significant interactions were removed.
(a) Variables in organic layer Df Sum of squares F-value p-value
Site 1 0.52 0.30 0.582
true Shannon 1 0.92 0.59 0.464
CP 1 27.22 15.94 <0.001
Basal area 1 1.15 0.85 0.359
C:N ratio 1 64.71 37.89 <0.001
C stock 1 3.17 1.85 0.175
Residuals 164 280.10
(b) Variables in 0–10 cm layer Df Sum of squares F-value p-value
Site 1 109.27 90.25 <0.001
true Shannon 1 0.01 0.00 0.944
CP 1 0.25 0.21 0.651
Basal area 1 14.57 12.03 <0.001
C:N ratio 1 28.17 23.27 0.001
C stock 1 12.28 10.14 0.002
true Shannon * CP 1 5.75 4.75 0.031
Residuals 165 199.77
(c) Variables in 10–20 cm
layer
Df Sum of squares F-value p-value
Site 1 70.79 196.05 <0.001
true Shannon 1 0.27 0.76 0.385
CP 1 0.13 0.36 0.558
Basal area 1 3.67 10.17 <0.002
C:N ratio 1 22.92 63.48 <0.001
C stock 1 1.06 2.94 0.089
Site * CP 1 2.36 6.54 0.012
Residuals 124 44.79
(d) Variables in organic +
0–10 cm layer
Df Sum of squares F-value p-value
Site 1 51.28 26.90 <0.001
true Shannon 1 1.83 0.85 0.359
CP 1 0.41 0.19 0.663
Basal area 1 12.73 5.88 0.017
C:N ratio 1 0.49 0.23 0.634
C stock 1 17.07 7.88 0.006
Residuals 140 303.3
(e) Variables in organic +
0–20 cm
Df Sum of squares F-value p-value
Site 1 59.18 25.50 <0.001
true Shannon 1 5.22 2.45 0.137
CP 1 0.36 0.15 0.697
Basal area 1 5.65 2.44 <0.122
C:N ratio 1 52.20 22.49 <0.001
C stock 1 0.40 0.17 0.678
Residuals 106 246.00
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Table A5
Results of the ANOVA tests of the multiple regression models for the effects of tree species diversity (true Shannon), conifer proportion (CP), stand basal
area, C:N ratio and C stock on total fine root biomass in the (a) organic layer, (b) 0–10 cm mineral soil layer, (c) 10–20 cm mineral soil layer, (d) organic +
0–10 cm mineral soil layer and (e) organic + 0–20 cm mineral soil layer. Non-significant interactions were removed.
(a) Variables in organic layer Df Sum of squares F-value p-value
Site 1 0.04 0.03 0.872
true Shannon 1 0.70 1.09 0.300
CP 1 137.47 87.69 <0.001
Basal area 1 0.00 0.00 0.979
C:N ratio 1 109.63 69.93 <0.001
C stock 1 44.73 28.53 <0.001
Residuals 165 258.67
(b) Variables in 0–10 cm layer Df Sum of squares F-value p-value
Site 1 3.80 12.86 <0.001
true Shannon 1 0.08 0.27 0.607
CP 1 0.01 0.02 0.900
Basal area 1 0.06 0.19 0.667
C:N ratio 1 1.80 6.08 0.015
C stock 1 0.05 0.16 0.689
Residuals 166 49.14
(c) Variables in 10–20 cm
layer
Df Sum of squares F-value p-value
Site 1 1.08 3.59 0.061
true Shannon 1 0.39 1.30 0.357
CP 1 0.21 0.70 0.403
Basal area 1 0.21 0.69 0.409
C:N ratio 1 0.10 3.33 0.007
C stock 1 0.43 1.43 0.234
Residuals 125 37.55
(d) Variables in organic +
0–10 cm layer
Df Sum of squares F-value p-value
Site 1 0.94 3.11 0.079
true Shannon 1 0.06 0.19 0.661
CP 1 0.05 0.16 0.693
Basal area 1 0.00 0.01 0.939
C:N ratio 1 0.02 0.07 0.793
C stock 1 0.05 0.17 0.679
Residuals 202 61.35
(e) Variables in organic +
0–20 cm layer
Df Sum of squares F-value p-value
Site 1 0.38 2.08 0.152
true Shannon 1 0.36 1.99 0.161
CP 1 0.20 1.15 0.292
Basal area 1 0.44 2.44 0.120
C:N ratio 1 1.77 9.78 0.002
C stock 1 0.61 3.35 0.069
Residuals 164 29.76
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Table A6
Results of the ANOVA tests of the multiple regression models for the effects of tree species diversity (true Shannon), stand basal area, C:N ratio and C stock on tree fine root biomass in the
organic + 0–10 cm mineral soil layer for (a) pure broadleaf stands and (b) pure conifer stands. Non-significant interactions were removed.
(a) Variables for broadleaf Df Sum of squares F-value p-value
Site 1 1.05 3.93 0.051
true Shannon 1 1.90 7.11 0.009
Basal area 1 0.13 0.48 0.490
C:N ratio 1 2.14 7.98 0.006
C stock 1 0.14 0.53 0.470
Residuals 84 22.49
(b) Variables or conifers Df Sum of squares F-value p-value
Site 1 0.01 0.05 0.833
true Shannon 1 0.01 0.03 0.870
Basal area 1 0.35 1.14 0.295
C:N ratio 1 0.09 0.28 0.601
C stock 1 0.61 1.97 0.172
Residuals 27 8.34
Table A7
The equations for the regression lines presented in Fig. 5a-5f and the R2 and p –values for the equations.
Figure Trees Ground vegetation Total
5a y = 0.78 + 0.41x y = 2.92 + 0.06x y = 3.64 + 0.47x
R2 = 0.206 R2 = 0.051 R2 = 0.212
p < 0.001 p = 0.003 p < 0.001
5b y = 226.59–0.45x y = 7.09 + 0.24x y = 233.68–0.21x
R2 = 0.032 R2 = 0.092 R2 = 0.007
p = 0.019 p < 0.001 p = 0.270
5c y =−6.29 + 2.73x y = 1.99 + 0.31x y = 162.04 + 1.08x
R2 = 0.211 R2 = 0.033 R2 = 0.038
p < 0.001 p = 0.008 p = 0.011
5d y = 155.74 + 0.95x y = 6.29 + 0.13x y = 162.04 + 1.08x
R2 = 0.029 R2 = 0.006 R2 = 0.038
p = 0.025 p = 0.312 p = 0.011
5e y = 53.25–1.15x y = 11.70–0.23x 64.95–1.38x
R2 = 0.038 R2 = 0.032 R2 = 0.046
p = 0.005 p = 0.010 p = 0.002
5f y = 142.32 + 3.65x y =−39.08 + 2.65x y = 103.25 + 6.29x
R2 = 0.025 R2 = 0.142 R2 = 0.074
p = 0.039 p < 0.001 p < 0.001
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Appendix B. Supplementary materials
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.foreco.2017.09.017.
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